Abstract
2. axisymmetrical pedestal elevated tanks supported by a single circular steel or concrete tower (capacity less than 0.76 ML); or a single cylindrical support pedestal with a flared conical base (capacity from 0.76 ML to 7.6 ML) used to contain pumping units and other operating equipment; 3. composite elevated tanks comprised of a welded steel tank for watertight containment at the top and a single pedestal concrete support structure (Meier [17] ). These tanks are also sometimes referred to as "concrete pedestal elevated tanks" (ACI 371R 98 and FEMA 450 Point 14.4.7.9.6) and use the best design features of both steel and concrete. This study constitutes a fourth case to add to the above and deals with the case of a steel anchored water storage tank within a reinforced concrete chimney. It is located at an elevation of 63 m within the 200 m chimney, and serves as part of the Flue-Gas Desulfurization (FGD) system. It is designed to enable quick temperature lowering during a technical failure of the system, or during a sudden fire, earthquake or other natural disaster. The vertical location of the water tank (i.e. its relative elevation inside the chimney), must be verified considering the dynamic amplification and the ability of the tank to perform well in case of an earthquake, whilst also considering a variety of possible tank geometries.
With regards to dynamic amplification, two separate factors must be taken into account in the analysis: the first is the dynamic amplification of the tank components due to relative closeness to the natural periods of the systems, and the second is the dynamic amplification occurring along the chimney height.
In this study, different possible tank geometries are examined during an earthquake event, ranging from tanks with a low H/R ratio of 0.9, to tall slender tanks with an H/R ratio as high as 6.3 (H is defined herein as the water height, smaller than the total height of the tank wall, and R is the nominal radius). For all tank geometries considered, the properties, in addition to the maximum design overturning moment (M f ), and base shear of the tank, are calculated and compared by different design standards as the AWWA D100-11 [18] and the ASCE 7-10 [19] .
In order to select the optimal geometry of the elevated tank and to confirm its location inside the chimney, while taking into consideration both the amplification of the acceleration along the chimney height and the possible dynamic amplification of the impulsive and convective components, the following steps have been followed:
Step I: The chimney, as the supporting structure of the tank, is examined according to the FEMA P-750 [20] document, followed by an elastic analysis of the chimney itself (construction of a combined model of the tank and chimney is a part of this step).
Step II: Eigenvalue analysis with different tank components (structure, impulsive, and convective). A simple two-mass model derived using basic dynamic equations is then used to better understand the phenomena. The examined parameters are defined and an analysis at ground level is performed based on AWWA D100-11 [18] , using a simple spring-mass model, to determine the dynamic properties of the different tanks.
Step III: Evaluation of the forces using four different methods: Equivalent Static Analysis procedure for buildings supporting Non-Structural components (ESA-NS), Modal Response Spectra Analysis (RSA), RSA for Non-Structural components according to ASCE 7-10 Ch. 15 [19] referring to Ch. 13 (RSA-NS), and an extended procedure adapted specifically for this case study based on the RSA-NS (RSA-NS Extended).
Step IV: Comparison of the different methods used to estimate the forces in Step III using the code response spectra, and comparison of the site-specific and code response spectra.
STEP I: Analysis selection and Chimney/Tank model specifications
The site is located in Rutenberg, Ashkelon area, Israel. The region is considered a high seismic zone due to its closeness to the Dead Sea Transform which forms a boundary between the African and Arabian Plates. The hazard is defined according to the code spectra and site specific spectra. The acceleration response spectrum with the return period of 2475 years is presented in Fig. 1 . It is important to select a clear and practical analysis procedure that complies with existing codes and regulations yet accounts for the specific features of the chimney and closely captures its predicted behaviour. Non-building structures require special analysis selection; when considering non-building structures similar to buildings, the procedure limitations are the same as for building structures, but non-building structures that are not similar to buildings exhibit a very different structural performance and behaviour. Non-building structures are subject to limitations in specific reference documents which address these differences, including publications by organizations such as ASCE, ASME, API, AWWA, and others. The ASCE 7-10 [19] is aligned with the NEHRP provisions [20] and refers to guidelines which are mostly empirical and provide details for adequate structural performance. The chimney is classified within the category of non-building structures not similar to buildings. In this case, the FEMA P-750 [20] and documents refer to the ACI 307 [21] and the minimum requirements are always given by the FEMA P-750 provisions [20] .
When selecting a method for performing dynamic analysis or determining the lateral force distribution for static analysis, several issues specified in ASCE 7-10 Ch.15 [19] must be addressed. Generally, a chimney with a relatively uniform mass distribution can be represented by a cantilever model, and then the equivalent lateral force procedure can be used. In our case study, however, several characteristics of the chimney which may affect its response preclude our ability to use this procedure, such as:
• openings in the chimney (Fig. 2) leading to stiffness/ strength and torsional irregularities stemming from different resistance values in the horizontal and vertical directions, which increase its vulnerability. When following the ACI 307 [21] design procedure, chimneys may fail in a brittle and catastrophic manner around the openings (Wilson [22] ). Non-uniform mass distribution along the chimney height also contributes to the irregularity. Particularly, Section 12.6 of NEHRP [20] details the analysis procedure based on the fundamental period T, and the presence of horizontal or vertical irregularities. When T is greater than or equal to 3.5T s (T s = S D1 /S DS ) the use of the equivalent lateral force procedure is not permitted; when this condition is satisfied, higher vibration modes contribute more significantly and cannot be neglected in comparison to the first mode contribution. Furthermore, tall reinforced concrete chimneys respond to earthquake excitation in a complex manner with the response being dominated by higher mode effects in the elastic (and inelastic) range (Wilson [22, 23] ); • in addition, the first period of the tank sloshing wave (convective component) and the first period of vibration of the chimney are close, especially for low H/R ratios, resulting in a coupling of the systems. Furthermore, higher mode periods of the chimney are close to those of the steel tank and the impulsive component (being rigidly attached to each other). Clearly, a more precise analysis is required. The forces on the tank should not be extracted using the Equivalent Lateral Force on the chimney. Rather, the tank can be treated as a non-structural component since its weight is only ~2% of the combined weight. The ASCE 7-10 Ch.13 [19] then provides an Equivalent Static Analysis procedure for buildings supporting Non-Structural components (ESA-NS), which can be followed here since it does not account for the supporting structure. According to FEMA P-750 [20] , judgement is required when deciding whether to treat a supported structure as a nonstructural component or a non-building structure, and guidance on this process for seismic design is provided in Bachman and Dowty [24] . For instance, small tanks can be treated as nonstructural components (provisions of Ch. 13 [19] and Table  13 .6-1 [19] ) while larger ones can be treated as non-building structures (provisions of Ch. 15 and/or Table 15 .4-2 [19] ). In fact, some of the non-structural components and non-building structures overlap (Gatscher and Bachman [25] ).
As detailed above, is the appropriate code to refer to, when selecting the relevant analysis procedure. It provides minimum requirements and lists several categories into which the supporting and supported structures may fit, and gives design guidelines. If the supported structure weight is relatively small (W nb < 25% of W tot ), then the effect on the overall nonlinear response is relatively small and the supported structure can be treated as a non-structural component (using Ch. 13 guidelines [19] -ESA-NS). The second case can occur if W nb > 25% of W tot , and the supporting structure is flexible, then the forces are determined considering effects of combined structural systems. In this case the combined design approach in code Section 15.3.2 [19] is used and dynamic analysis is performed (RSA-NS). Hence, the forces in this case study were evaluated using the following four methods:
• the Equivalent Static Analysis procedure for buildings supporting Non-Structural components (ESA-NS), in which the forces are estimated using ASCE 7-10 Ch.13 [19] . This method is somewhat oversimplified for our case study.
• the Modal Response Spectra Analysis (RSA), an extensively used procedure in force estimation. The chimney and tank are combined into a single model. The procedure is used in two ways: first, in a basic direct procedure without accounting for the limitations and second, in accordance with the ASCE 7-10 [19] , the procedure serves as a basis for extracting the forces, accelerations, and amplifications.
• in order to perform the RSA, two methods are then used (RSA-NS; RSA-NS Extended). In the Response Spectra Analysis for Non-Structural components (RSA-NS), the design procedure is in accordance with ASCE 7-10
Ch.15 referring to Ch.13 [19] . As noted, this procedure refers to non-building structures supporting nonstructural components. The chimney base shear and the actions from the analyses are used to derive the acceleration amplification along the height (a i ) and the tank dynamic amplification (a p ). In the Response Spectrum Analysis for Non-Structural components -Extended (RSA-NS Extended), a specific workflow for the purpose of this case study is designed and used, based on ASCE 7-10 Ch.15 and Ch.13 specifications [19] . A combined 3D model, using SeismoStruct [26] , of the tank with flexible connections to the reinforced concrete chimney is used for Eigenvalue analysis and for RSA, RSA-NS, and RSA-NS Extended. The chimney is a strategic power plant facility. Thus, an accessible water storage facility must be readily available inside the chimney, to be used immediately in case of a sudden fire, earthquake or other natural disaster. The height of the chimney is 200 m, supported on a 3 m tall ring plate foundation connected with 48 concrete piles. The piles are 40 m long and 1.5 m in diameter. Thus, the chimney is modelled as a fixed-end connection pendulum (see also Livshits [28] ). The chimney diameter narrows along the height, (base diameter of 23 m to top 20 m), with several large openings both at the base of the structure (8 m x 11 m) and at an elevation of 40 m (2 openings, 9 m x 9 m each; see Fig. 2 ). The wall thickness changes along the chimney height as detailed in Table 1 . These openings are modelled using a reduced moment of inertia, along with the original concrete cross-section area and mass distribution. A single reduced value was used in both directions, simplifying the analysis but neglecting torsional modes.
Two internal flue liners inside the chimney which are part of the flue gas desulphurization (FGD) process are modelled, in accordance with chimney liner standard, ASTM International Designation, D-5364-93 [27] (Fig. 3(a) ). The chimney mass is distributed along the height (Fig 4 and Table 2 ), while the liners mass are lumped at the connection points, (Fig. 3(b,c) ). Most of the mass comes from the reinforced concrete, but several steel platforms (covered with concrete or grating) are distributed along the height for maintenance and mechanical equipment and are simply supported connections that do not add to the horizontal stiffness of the chimney. All the platforms at the different elevations are modelled by additional lumped masses at different elevations (Fig. 4) . The tank is located at a 63 m elevation. A different model is used for each of the six cases of tank H/R ratios examined. The components are modelled by pendulums and concentrated masses. The masses and their heights are defined according to the tank dynamic properties at ground level using AWWA D100-11 [18] . The impulsive and steel structure components (base, wall, and roof) are modelled with a stiff column while the convective mass is modelled with a flexible column. The H/R cases examined are combined into six models along with the chimney as the supporting structure. Two of these models from the AVEVA PDMS [29] software are presented in Fig. 5 along with the SeismoStruct [26] equivalent models. [29] along with the equivalent models from SeismoStruct [26] in which the modelled tank components are represented as lumped masses placed at their center of mass.
STEP II: Eigenvalue analysis, examined parameters & dynamic properties 3.1 Eigenvalue analysis
The chimney, the convective component primary mode shapes, and the interaction between them are examined using basic dynamic principles. The tank and chimney can either be considered as two coupled SDOF systems or as a MDOF system, in which the natural periods of the combined system are determined using the equation of motion. The chimney first mode of vibration dominates with a period of 3.09 sec. When the separate SDOF system periods are close, i.e. 3-3.2 sec. for the tank, a coupling effect (or vibration resonance phenomenon) exists in the MDOF system and affects both the mode of vibration period and the dynamic amplification. A comparison of the SDOF system periods with those of the combined MDOF system as a function of the H/R ratio, accounting for the modal participation factor, is shown in Fig. 6 . For SDOF-convective components with periods shorter than the SDOF-chimney period, the dominant period is elongated, which results in lower accelerations in the response spectra, while the opposite occurs for longer SDOF-convective component periods (e.g. tanks with low H/R ratios close to 1.0). Eigenvalue analysis is used to understand the chimney mode shapes which excite the tank and to examine each mass deflection according to the mode shape that excites it. Those mode shapes are then used in the RSA. A refined non-linear finite element model using fibre element (extensively verified through comparison with experimental results in case of steel structures (Grande and Rasulo [30] , Wijesundara et al. [31] ), reinforced concrete structures (Brunesi et al. [32, 33] , Casotto et al. [34] , Nascimbene [35] ), masonry infill panels (Smyrou et al. [36] ) and connections (Brunesi et al. [37] ; Brunesi et al. [38] )) allows the observation of the excitation of tank masses, as shown in Fig. 7 for the convective component, which has a flexible connection and thus undergoes a larger deflection compared to the impulsive component. The fibre model results obtained using the MDOF 3D model were similar to those obtained with the basic dynamic equations. Elongation or shortening of the periods of different modes occurred as expected for different H/R ratios. In tall structures, higher modes affect longer periods than in short structures. This may result in closeness between the periods of the tank structure and its impulsive component and the period of the chimney higher modes. The effects are often more pronounced at higher elevations. In our case study, the convective component reduces the higher mode effects, so that for higher H/R ratios the modal participation factor of the higher modes is higher (for slender tanks ~20% while for squat tanks less than 15%).
Examined parameters and dynamic properties
Although this case study deals with an elevated tank rather than one placed at ground level, it was necessary to include a ground level analysis in order to compute the dynamic parameters of the different steel water tanks, such as impulsive mass, convective mass, and the relative elevation at which the equivalent lateral force should be placed in order to calculate the overturning moments. The assumption, generally recognized in many standards on tanks worldwide from the European (Eurocode 8 Part 4 [39] ) to the Indian one (IITK 2007 [40] ), is that the ground level dynamic properties are similar to those at higher elevations. Following the Housner [41] model (Priestley et al., [42] ), at ground level, the tank impulsive component is assumed to be rigidly attached to the tank structure (code equivalent model Fig.  8 (a) ) and thus to have no effect on design acceleration which, for short periods, is defined at the plateau. The convective component period of vibration, defined by flexible springs, is usually dominated by the sloshing wave's first mode (the others contributing up to 6-7%, Priestley et al., [42] ) and thus, following the US standard, the other modes are neglected and the equivalent simplified model presented in Fig. 8 (b) is used. In our case study or when using the site specific response spectra, the natural period of vibration of the structure and the impulsive component can both influence the results and are defined by a stiff spring (K i , Fig. 9 (a) and (b)). The tank in the current study is large and thus treating it as a non-structural component results in an oversimplified model. Furthermore, the supporting structure had been located at the ground level, hence the tank would have been designed as a non-building structure according to the AWWA D100-11 [18] or the API 650 codes [43] . Instead of applying the force at the center of mass, a more precise approach is used here resembling the Housner [41] model, but adapting it as an equivalent simplified model for site-specific response spectrum as detailed in Fig. 9 (b) . It is used throughout the analysis with the different methods to capture the dynamic amplification in both impulsive and convective components (with the exception of ESA-NS which only accounts for the supporting structure). This gives a closer approximation of the forces and moments in the tank. The design acceleration is defined using the acceleration response spectra (code spectra or site-specific). Depending on the method of choice, the acceleration is either defined as the maximum value (as for conservative methods), or derived from the equations as a function of the structure and component period, in which case dynamic properties can be accounted for at varying degrees of complexity (e.g., relative influence of the convective and impulsive components). The amplification along the height represents the design peak floor horizontal acceleration at the point of attachment of the tank, and depends on the attachment point. It can either be calculated directly, or estimated as a function of tank location. Accepted values range between 1.0 and 3.0, the lower bound representing an attachment at the structure base, and the higher bound representing attachment at the maximum structure height. The dynamic amplification factor depends on the way the tank is defined. When the tank is referred to as a non-structural component, according to Table 13 .6-1 of ASCE 7-10 [19] , the minimum requirement is a p = 1.0. The tank is considered rigidly attached, and no distinction is made between the impulsive and convective components. The code, however, makes an exception; when component period > 0.06 sec it is considered a flexible non-structural component and the tank amplification used is a p =2.5 (i.e. maximum possible amplification). When it is referred to as a non-building structure, the ability of capturing this phenomenon depends on the type of modelling. When the periods are close, the amplification reaches the maximum value, limited to 2.5 (limitation from the NCEER study in FEMA P-750 [20] , defined as a function of T p /T). For taller structures, and specifically for chimneys (Wilson [23] ), the tank amplification may vary significantly due to higher mode effects. Thus, although code values range between 1.0-2.5, researchers have shown that much higher values can be obtained, 8 times the PGA (Fathali and Lizundia [47] , see also Naeim [45] ) and perhaps even higher for structures that are higher mode effect sensitive.
The torsional amplification factor (A x ), limited between 1.0 and 3.0, is defined in the ASCE 7-10 Eq.12.8-14 "Amplification of Accidental Torsional Moment" [19] . Various degrees of complexity are possible, but simplified models are often preferred over more complex ones, since understanding the dominant features to be considered in structural design is often satisfactory. Energy dissipation is a function of the following: free surface, wall-fluid interaction, and tank base-fluid interaction. AWWA D100-11 [18] and define 5% damping for the structure and the impulsive component. Most standards (including AWWA D100-11 [18] for ground level tanks) use 0.5% damping for the convective component to account for the friction of the tank wall and the liquid. According to the American code, there is a 1.5-factor difference in the actions when using 0.5% damping compared to 5% damping. In other guidelines (IITK-GSDMA Gujarat State Disaster Management Authority Guidelines for Seismic Design of liquid storage tanks [40] ), the difference is as high as a factor of 1.75. The importance factor (I) for both components is defined as 1.5. When referring to the tank as a non-structural component, the same value is used and is addressed as I p . As with building structures, the actions are reduced by dividing the forces by the force reduction factor, R. This factor represents the energy absorption capability of the tank and its attachments, which depend on both over-strength and deformability. Elevated tanks are typically provided with a greater safety margin, but use of ground level reduction factors is reasonable if the elevated tank and supporting structure are separate, as in our case. The impulsive and convective components reduction factors are defined separately, giving the former a lower value (since it depends only on the water energy dissipation), and the latter a higher value, since the steel tank structure and slab connections can dissipate more energy. The tank here is anchored to the rigid concrete slab. Anchored tanks generally have greater reserve of strength to resist seismic overload compared to unanchored ones designed using annular plate detailing. Proper anchoring design provides a shell attachment and an embedment detail that can yield the bolt without pulling it from the foundation or tearing the shell.
Thus, in our case a larger reduction factor is taken to allow a greater safety margin. For elevated tanks, different values are given for shaft-type vs. frame type supporting structures. A comparison between the values in three USA documents (ASCE 7 [19] , AWWA D100 [18] , and API 650 [43] ) is provided in Table 3 . Least conservative are the values suggested by API 650 [43] . The ACI 350.3 [46] and ACI 371.R [47] (not used herein) provide even more conservative values.
Note that when referring to the tank as a non-structural component, the reduction factor is addressed as R p . According to ASCE 7-10 Ch.13 Table 13 .6-1 [19] this value is equal to 2.5.
Calculation of the Dynamic Properties according to the Ground Level Procedure (AWWA D100-11)
The ground level design procedure detailed in AWWA D100-11 [18] is followed, taking into account the tank impulsive and convective components, solely to calculate the parameters for the other methods. The relative masses and heights are determined. Six tank cases at ground level, differing in their H/R ratios, are examined. The water volume is constant, and the actions are divided into 3 components: inertia force (tank structure: base, wall, and roof with additional live load which takes into account storage area); impulsive component; and convective component. The dynamic properties of the tanks, calculated according to AWWA D100-11 [18] , are presented in Tables 4. 
Equivalent Static Analysis for Non-Structural Components (ESA-NS)
The ESA-NS method is based on the procedure in ASCE 7-10 Ch.13.3 [19] for non-structural components, generally used for short to moderate height structures. For taller structures, higher mode effects can bring about a variation in the amplification with the structure height (see also Miranda and Taghavi [48] ). Furthermore, the horizontal ESA-NS design force equation may be inaccurate for longer-period and irregular structures. Nevertheless, this method was considered here due to the weight criterion introduced in the code, which states that the tank should be treated as a non-structural component, being only ~2% of the combined weight. The horizontal forces are calculated using the following expression:
where W p is the tank weight, and PGA=0.4S DS is the amplification of the Peak Ground Acceleration along the structure height, derived from the ASCE7-10 spectrum [19] , by dividing the maximum possible acceleration at the site (S DS ) by 2.5.
The term 0.4 S DS (1 + 2 (z/h) ) in Equation 1 represents the design peak floor horizontal acceleration at the non-structural component attachment point; z is the attachment height relative to the base. This expression accounts for the increase in shaking intensity on the supporting structure upper levels, and is independent of the non-structural system. ESA-NS accounts only for the supporting structure and thus, the tank simplified equivalent model is not accounted for. The ASCE 7-10 [19] amplification uses a simple linear profile along the building height which captures only the first mode response resulting in a maximum value of 3 times the PGA at the top of the building. The coefficients I p , R p , are defined as in ASCE 7-10 Ch.13 (Table 5 ) [19] . As detailed above, the average period of both components is much higher than 0.06 sec, and thus, following the comment in Table 5 , a p =2.5 is used. The tank damping is defined by the supporting structure response spectrum. The code defines lower and upper bounds on the horizontal design force; this prevents the product of the individual factors from producing an unreasonably high force, considering the expected nonlinear response of the supports and components. As the maximum forces were derived for nonlinear behaviour and our case is more elastic, the reduction of forces will be different. Contrary to the horizontal forces, the vertical seismic forces are considered without dynamic amplification, in accordance with the code. For computing the moments, the vertical and horizontal forces obtained above are applied at the center of mass of the non-structural component. The results for ESA-NS are presented in Tables 6. In this method, all the components are considered equally dynamically amplified and the PGA's amplification does not depend on the supporting structure. The ESA-NS does not take into account the tank geometry; rather, the shear is relatively high and constant for all different tanks examined. The resisting moment is calculated using the tank self-weight minus the vertical seismic component. As expected, the only situation in which overturning may pose a problem is for very slender tanks. The ESA-NS M f overturning moment and base shear are shown in (1) 
Modal Response Spectrum Analysis (RSA) using combined model
The actions on the tank at elevation 63 m are evaluated using the combined chimney and the tank 3D SeismoStruct [26] model by modal RSA with 5% damping. The flexibility of the impulsive and convective components is accounted for in the model through the stiffness of the attaching element using the simplified equivalent model for the site specific case. An elastic analysis is performed; therefore, the spectrum can be linearly multiplied by coefficients later in the analysis to extract the actions. The importance factor used here is I=1.5 as in all other methods. The ground level seismic coefficients according to the AWWA D100-11 code [18] (presented in Table 3 , R i =3.0, R c =1.5) are used for the tank components. For the convective component, the response spectrum with 0.5% damping is needed and is accounted for by using a factor of 1.5 for the actions. The responses for each of the modes are then combined using the SRSS rule. The results for the modal RSA method are presented in Table 7 . Amplification occurs in the convective component when the periods of the first mode of the chimney and the first mode of the sloshing wave are close. The RSA Mf overturning moment and base shear are shown in Fig. 11 . [19] ) is used to improve accuracy and to account for the flexibility and coupling between the periods of the tank components and the chimney. When following the code procedure, as with ESA-NS, some limitations on amplification exist. Eq. (2) is used to calculate the horizontal force:
where W p is the component weight. The equivalent simplified model for site specific is used as detailed above for RSA. The procedure for non-structural components defines one mass; it is divided into different components to capture the different dynamic amplifications. After extracting the horizontal forces these are summed and applied at the center of mass as defined in the code. The acceleration a i and the factor a p are extracted in accordance with FEMA P-750 guidelines [20] . The elastic values from the modal response spectrum reflect the combined model dynamic characteristics. The design amplification and acceleration vary with the component period and location along the chimney height, and are determined using the actions derived here.
A modal analysis is performed without considering the chimney ductility (see justifications for elastic behaviour of the chimney FEMA E-74 [49]). As noted, the ASCE 7-10 guidelines [19] call for use of elastic values and thus, a reduction factor of R=1.0 is taken for the chimney. The base shear is then calculated, and compared to that obtained using the equivalent lateral force procedure. According to the code requirements, the modal analysis base shear should not be less than 85% of the equivalent lateral force base shear. The acceleration (a i ) is computed from the modal RSA analysis actions. The total shear just below elevation 63 m is divided by the seismic weight at and above 63 m. A comparison of the RSA-NS method results to those obtained using ESA-NS in accordance with ASCE 7-10 code requirements [19] , is presented in Fig. 12 . The results for the RSA-NS are a function of the chimney stiffness and mass distribution and thus, are unique to this specific chimney. The different tank geometries exhibit a similar shape of amplification along the height. ESA-NS is conservative, especially at elevation 63 m where there is no amplification of the acceleration (Table 8) . From elevation 140 m the amplification values increase rapidly up to the chimney top, where the PFA reaches 2.5 times the PGA (Fig. 12) . The results for this method are similar to those obtained by Fathali and Lizundia [44] ; in that work, the authors compared data from buildings with the ASCE 7-10 equations [19] used to design acceleration sensitive non-structural components. They found that for long period buildings (with a period of over 1.5 sec), the amplification for the relationship between z/h and PFA/PGA is considered very conservative. To extract the component amplification factor (a p ), the shear force at the point of component attachment is taken from the modal analysis and divided by the component weight. This results in the product a i a p which is the peak floor acceleration with the component dynamic amplification. Finally, a i a p is divided by a i which was determined in the previous step and the resulting value is used in Eq. 13.3-4 from ASCE 7-10 [19] . This enables separate procedure application to each tank component, resulting in different a p values. Although the dynamic amplification for case E reaches values greater than 5.0, the value applied in the design is 2.5 in accordance with code limitations (maximum value of a p =2.5 and minimum value of a p =1.0). The analysis results are presented in Fig. 13 and Table  8 , and agree with the basic dynamic equation results (Step II). For case E, the resulting acceleration is lower than for the other cases, due to a tuned mass damping effect. The reduction and importance factors (R p , I p ) are defined according to ASCE 7-10 Ch.13 Table 13 .6-1 (same as for the ESA-NS method) [19] . The torsional amplification factor is defined in accordance with code section "Amplification of Accidental Torsional Moment" A x =1.0, as detailed above. The RSA-NS method is the only procedure (except for RSA-NS Extended) that accounts for additional torsional factor effects that are not captured in the analysis or the model. The damping is defined as 5%, according to the supporting structure. The results for the RSA-NS method are presented in Table 9 . The RSA-NS M f overturning moment is shown in Fig. 14 . As evident below, this method does not capture the dynamic amplification for low H/R ratios. Therefore, a reduction in the actions occurs rather than the opposite. Our proposed design procedure RSA-NS Extended is based on the tank dynamic properties from the ground level AWWA D100-11 [18] procedure, in combination with ASCE 7-10 Ch.15.3.1 [19] which refers to Eq. 13.3-4 in ASCE 7-10 Ch. 13. The design forces for the tank structure, impulsive component (Eq. (3)) and convective component (Eq. (4)) are computed in accordance with Eq. 13.3-4 of ASCE 7-10 (see also Eq. (2) and accompanying text):
As noted, the workflow of the standard does not fully capture the requirements of our specific case study and thus, several adaptations have been made in our proposed design method. Of course, it is imperative to assure that the minimum requirements recommended by the standard are met, but all the while an extended and more elaborate procedure can provide a better estimate of the design forces. This is critical because the structure in our case study is part of an essential facility, and the designer should take into account the necessity to perform well under failure and provide better safety measures. Both the AWWA D100-11 [18] elevated tank procedure and the ASCE 7-10 Ch.13 [19] for non-structural components neglect the sloshing effect in the tank. The convective contribution cannot be ignored, especially for tanks with a low H/R ratio for which the sloshing effect is influential. For both the impulsive and convective components, an equivalent spring model can capture the components' dynamic amplification by RSA. The acceleration and dynamic amplification are extracted as with RSA-NS. The equivalent simplified model for site specific spectra is used and instead of applying the force at the center of mass and following the code procedure for non-structural components, a more precise approach is used resembling the Housner [41] model. In addition, the reduction factors according to the AWWA D100-11 [18] are used defining it as a nonbuilding structure. To extract the floor acceleration (a i ), and the component dynamic amplification factor (a p ), the procedure detailed above regarding RSA-NS is followed according to ASCE 7-10 Eq.13.3-4 [19] , with the exception that here (RSA-NS Extended), the actual maximum amplification from the analysis is considered (larger than 2.5) along with a minimum requirement from the code of a p =1.0, as shown in Table 9 . The dynamic amplification factors used here are shown (for the different tank cases) in Fig. 15 . Clearly, both the impulsive and convective components are affected by system coupling; this is especially evident for tanks with a low H/R ratio, where the impulsive component is heavily influenced by the higher mode effects, and the convective component is influenced by the first mode of vibration. The damping is defined according to the AWWA D100-11 [18] (for elevated tanks) and the ASCE 7-10 standards [19] as the default value of 5%. The AWWA D100-11 [18] 
RSA-NS Extended: Dynamic Amplification Factor
Convective ap=ai*ap/ai Impulsive ap=ai*ap/ai
low H/R ratios, where the contribution of the convective component is large, 5% damping might not be conservative. Neither the AWWA D100-11 [18] nor the ASCE 7-10 [19] distinguishes between the different materials of which the tank structure is composed. For concrete structures, the damping ratio is usually 5% and for steel structures 2% damping is usually applied, and values can be even lower if the connections in the structure are mostly welded rather than bolted. The value used here is in accordance with the IITK-GSDMA guidelines [40] , which recommend using 2% damping for the impulsive component in steel storage tanks. Linear interpolation of the values is not possible since acceleration values vary logarithmically with the damping (Newmark and Hall [50] ); however, because an elastic analysis is performed, it is possible to linearly multiply the actions by a factor of 1.2 (according to the nonlinear Equation (5) taken from the EC8 [39] ) to account for the amplification brought about by using 2% damping instead of 5%:
The convective component 0.5% damping is accounted for by using a 1.5 factor according to the American code. The analysis results for the RSA-NS Extended method are presented in Table 11 . The RSA-NS Extended M f overturning moment and base shear are shown in Fig. 16 . As evident for the low H/R ratios, this method captures dynamic amplifications for coupled systems for both the convective and impulsive components. Table  12 provides a summary of the different analysis methods, highlighting differences in the parameters used in each method. 
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STEP IV: Comparison of the different methods
Decision-making and optimization of structure characteristics, while complying with code regulations, are crucial in the design process, especially in this study, in view of the facility importance and performance requirements even under an extreme event. Attempting to use a "default" design procedure may produce very different results. In this section, the methods used in our case study are compared based on the following central design factors: floor acceleration, component dynamic amplification factor, higher mode effects, damping, reduction factor, equivalent model, action comparison and site specific and code response spectra.
Equivalent model
For ESA-NS and RSA-NS, the horizontal force is applied at the center of mass. RSA and RSA-NS Extended follow the AWWA D100-11 standard [18] , in which the horizontal force is applied at the equivalent center of pressure that may develop on the tank wall during an event. For calculating the moment, the standard distinguishes between the bottom base wall moment and the overturning moment, and provides a different level arm for the impulsive and convective components (X imf , X i , X cmf , X c , respectively). Similar to the AWWA D100-11 elevated tank procedure [18] , ESA-NS and RSA-NS apply the total (equivalent) force that may develop at the center of mass without accounting for the impulsive and convective components. Also, in ESA-NS, the convective component is neglected and the moment is defined as the overturning moment. The level arm for moment calculation, based on equations from the AWWA D100-11 standard [18] , is presented in Fig. 17 . As shown below, for extremely slender or squat tanks the force can be applied at the center of mass; otherwise it is conservative. 
AWWA D100-11 [18] : Table 28 Anchored at ground level Parameters:
Non-structural components Table 13 .6-1: R p =2.5
AWWA D100-11 [18] : Table  28 As shown in Fig. 18 , it is more conservative to consider the equivalent horizontal force at the center of mass rather than at the location of the pressure. This is shown for RSA-NS Extended, but applies also to all other methods. 
Floor Acceleration
The RSA, RSA-NS, and RSA-NS Extended methods all account for the design acceleration at the tank location through the modal analysis. In RSA, the acceleration at the connection point is a function of the different modes, while in RSA-NS and RSA-NS Extended, its value is derived from the base shear. Thus, when using software to extract the forces with RSA, the acceleration value is sometimes lost in the results. Modal RSA accounts for the different H/R ratios, as shown in Fig. 19 . The acceleration for case E is lower than for the other cases and brings about a TMD effect on the chimney; however in this specific case, the effect is negligible. ESA-NS is excessively conservative, and does not account for the differences in H/R ratios. As evident in Fig. 19 , in both cases, A and E, despite the large difference in geometry, the accelerations for calculation of the design forces are the same. The acceleration is independent of the supporting structure properties, and the supporting structure period is ignored. Furthermore, the peak ground acceleration (PGA) is amplified linearly according to a general first mode that may be adequate only for low to midheight buildings. In addition, it has been shown that higher modes affect the acceleration more than the displacement and should be considered in the amplification profile. Therefore, the accelerations are always larger than the PGA; for tall structures with a long period, in which the accelerations are generally lower, this may result in unnecessarily large actions. The peak floor acceleration used for elevation 63 m in the different methods is presented in Fig. 19 . 
Component Dynamic Amplification Factor
For ESA-NS and RSA-NS, the ASCE 7-10 guidelines [19] specify upper and lower bounds for a p . The upper bound limitation is applied here although, as noted earlier, studies have shown that, especially for coupled systems, the amplification can greatly exceed 2.5. As noted, ESA-NS does not account for the tank H/R ratio or the period of the supporting structure; this is even more pronounced when the periods of the supporting structure and the convective component are close and a much larger amplification may occur (as in case E; see Fig. 20 ). In ESA-NS, the amplification is limited to two values: 1.0 for a rigid component or 2.5 for a flexible one. The tank is thus defined rigid here, although its period is longer than 0.06 sec which enables defining it as flexible. The RSA and RSA-NS Extended do not specify an upper bound for the amplification. Both have the same high amplification values, capturing higher mode effects and coupled systems (see Fig. 20 ). RSA-NS Extended, however, sets a minimum bound for the ground level amplification (1.0; in case D the factor obtained from RSA was 0.77). The advantage of RSA-NS Extended is that it accounts for the minimum amplification as in the code, and the designer is able to understand the magnitude of the factor used in the analysis. In RSA, the amplification is lost in the results and in some cases (slender tanks) it does not meet the minimum code requirements. The tank dynamic amplification used for elevation 63 m according to the different methods is presented in Fig. 20 . 
Higher Mode Effects
RSA, RSA-NS and RSA-NS Extended all account for higher mode effects through the dynamic amplification factor. This influences the tank structure and impulsive components which are both attached to the chimney by a stiff-spring connection that is sensitive to these modes. The convective component is modelled by a flexible connection and is influenced by the supporting structure's first mode. The upper region of the chimney is more sensitive to higher mode effects than low and mid-level heights. ESA-NS is defined and used for low to midheight buildings where higher mode effects are not as influential. Therefore, the equation does not account for these modes.
Damping
Analyses for all the methods are performed with a response spectrum of 5% damping. RSA and RSA-NS follow the ASCE 7-10 [19] which refers to AWWA D100-11 [18] and defines 5% damping for the impulsive and tank structure component, regardless of the material. ESA-NS defines damping according to the supporting structure rather than by tank structure or content. For the case of a slender concrete tank, 5% damping would have been a close approximation of the actual damping. According to the literature, for a squat steel tank, 2% damping should be applied to account for steel connections. The convective component for which 0.5% damping is applied here (in all methods except ESA-NS) has a substantial role for low H/R
Reduction Factor
The reduction factor for RSA-NS and ESA-NS is defined according to ASCE 7-10 Ch.13 [19] , where each non-structural component is assigned a different factor. The tank is assigned a single value of 2.5 for both the impulsive and convective components, which simplifies the design but renders it somewhat less accurate for tanks that are either extremely slender or extremely squat. Both RSA and RSA-NS Extended apply the reduction factor according to the AWWA D100-11 ground level procedure [18] , where a separate factor is specified for each component, improving method accuracy.
Shear & Moment
As exemplified in Figures 21, 22 and 23, large differences exist in the shears and moments obtained using each method. ESA-NS is too conservative, whereas RSA-NS is non-conservative. RSA-NS Extended captures the higher demand for shear in the low H/R ratio tanks. It accounts for material-specific damping characteristics, and for the amplification due to very close periods of the supporting system and tank components, and results in larger actions than the code requirements. In this case study, a high amplification occurs for the low H/R ratio (case E). RSA and RSA-NS Extended capture this phenomenon. For these methods, the actions are larger for low H/R ratio tanks than for slender tanks (case A). The actions obtained using RSA-NS, however, are reduced instead. A comprehensive comparison of the actions is shown in Fig. 21 to 23 . As noted, ESA-NS shear is conservative and does not rely on tank H/R ratios. Furthermore, as expected, slender tanks (e.g. case A) have a higher overturning moment.
Site specific and code response spectra
The results obtained for the site specific response spectra are quite similar to those obtained using code spectra, with some exceptions related to a higher dynamic amplification; in this case study, a certain range of frequencies is amplified by the inherent site characteristics. Generally, methods that capture the dynamic amplification show that low H/R ratio tanks, with a longer sloshing wave period, are more affected. ESA-NS results are the same for both types of response spectra. As shown above, when the convective component period matches the chimney fundamental period, this may result in a tuned mass damper (TMD) that affects the period of the structure, and therefore also the design acceleration. Different frequency ranges are amplified differently in the code and sitespecific spectra. Thus, the chimney base shear obtained using modal RSA results in different reductions of the actions for each spectrum. A comparison of the TMD effect when using code and site-specific spectra is shown in Table 13 . For the code spectra, when comparing case A to case E (where the tank is a TMD) the base shear is reduced by 3%, while for the site-specific spectra there is a 9% reduction. The resulting actions are compared in Fig. 24 and 25. Due to a coupling between the periods of the tank convective component and the fundamental period of the chimney (case E) for the site-specific spectra, the overturning moment is not conservative and was underestimated ( Fig. 24 ; RSA and RSA-NS Extended). While RSA and RSA-NS Extended captured the amplification due to the coupling, RSA-NS not only did not capture the amplification, but showed a reduction in the shear and the overturning moment.
Thus, when selecting the proper analysis method, designers should be aware of potential sources of coupling between the structures. For slender tanks, all methods (with the exception of ESA-NS) provide more or less similar results and can in principle be used interchangeably 
Summary and conclusions
The codes provide detailed and specific procedures for the case of elevated tanks in which the dominant portion of the total mass is located at the top of the supporting structure, resulting in a cantilever first mode. When the supporting structure period is coupled with the tank component, an amplification related to resonance phenomena occurs. In this case, the use of the code procedure for elevated tanks is not permitted, and alternative methods are used to calculate the actions that may develop during an earthquake. None of these methods, however, fully captures the actual actions that may develop for a wide range of tank H/R ratios. The key findings of this work will be briefly summarized below:
1. The proposed method, RSA-NS Extended, follows the RSA-NS procedure but captures the actual dynamic amplification, and applies a lower bound to it in order to avoid the possibility of attenuation. ESA-NS is overly conservative (especially for slender tanks, with the exception of case E) and inadequate for the case of an RC chimney as the supporting structure. The RSA method is a "black box" that accounts for amplifications. Analysis of the actions, however, reveals that in some cases, attenuation occurs rather than amplification, providing results for the component dynamic amplification that are lower than ground level (and the minimal code requirement of a p =1.0). RSA-NS provides the necessary information related to the acceleration and the amplification. However, due to several issues -the reduction factor used, the equivalent force location, and the code limitations on the amplification, the resulting actions are very low, rendering it inaccurate for use here. For instance, with the geometry of case E in our study, for which the convective component period is close to that of the chimney, an amplification of the actions (as with the other methods) was expected but rather, these limitations resulted in the opposite. 2. Site characteristics substantially affect both the supporting structure and the tank. The spectral accelerations for periods shorter than 0.2 sec are lower than the code spectra. For periods in the range of 0.2-0.4 sec, a large local amplification occurs, and in general for long periods there is a higher spectral acceleration than the code spectra. In ESA-NS, the maximum code spectral acceleration values are used. The other methods (RSA, RSA-NS, RSA-NS Extended) account for the different modes; the convective component is influenced by long period values which are higher for the site-specific spectra, and the impulsive and tank structure components are influenced by short period spectra values which are lower for the site-specific spectra. 3. When coupling occurs, the dynamic amplification of the tank components may reach values much higher than the code. In the site-specific spectra, the convective component reaches an amplification value greater than 8, and in the code spectra the value is larger than 5. Even the impulsive and tank structure components, which were analysed with stiff-spring connections, are dynamically amplified by a factor of 4 due to higher mode effects. These results are in agreement with several studies (e.g. Naeim [45] , Fathali and Lizundia [44] ), which claim that the upper bound limitation of a p =2.5 may be too low. As evident from the results of this case study, this is especially true for the case of tall reinforced concrete chimneys. 4. The model proposed for the RSA-NS Extended, resembling the Housner [41] mechanical model of the equivalent spring-mass system, should be used with the reduction factors defined in the AWWA D100-11 ground level procedure [18] . 5. When the convective component period matches the fundamental period of the chimney, this may result in a TMD that reduces the design acceleration for the chimney, but amplifies the actions on the tank. Earthquakes are usually dominated by a wide range of frequencies, and thus, using the tank as a TMD is not an optimal solution, since this type of TMD operates in a narrow band of frequencies. For the code spectra, when comparing case A to case E (where the tank is a TMD) the base shear is reduced by 3% and for the site-specific spectra by 9%. 6. Torsional effects, which may be important in the design and detailing of the structure, are sometimes reduced or neglected altogether. A reduction of the torsional effects in this case study is a result of the common approach of applying the spectra in one direction and using a simplified model (the effect of the openings in the chimney are not fully captured here albeit the work by Livshits [28] and Wilson [2] that has indicated that it can be influential). 7. Comparison of the obtained results suggests that the preferred method of choice, which provides the most accurate results for the actions for all different tank geometries (H/R ratios) and both for the code and site-specific spectra, is the RSA-NS Extended. This is most evident in cases where coupling occurs, and in other cases in which the values obtained using this method exceed even those obtained using conservative methods.
